One literature treats the hippocampus as a purely cognitive structure involved in memory; another treats it as a regulator of emotion whose dysfunction leads to psychopathology. We review behavioral, anatomical, and gene expression studies that together support a functional segmentation into three hippocampal compartments: dorsal, intermediate, and ventral. The dorsal hippocampus, which corresponds to the posterior hippocampus in primates, performs primarily cognitive functions. The ventral (anterior in primates) relates to stress, emotion, and affect. Strikingly, gene expression in the dorsal hippocampus correlates with cortical regions involved in information processing, while genes expressed in the ventral hippocampus correlate with regions involved in emotion and stress (amygdala and hypothalamus).
One literature treats the hippocampus as a purely cognitive structure involved in memory; another treats it as a regulator of emotion whose dysfunction leads to psychopathology. We review behavioral, anatomical, and gene expression studies that together support a functional segmentation into three hippocampal compartments: dorsal, intermediate, and ventral. The dorsal hippocampus, which corresponds to the posterior hippocampus in primates, performs primarily cognitive functions. The ventral (anterior in primates) relates to stress, emotion, and affect. Strikingly, gene expression in the dorsal hippocampus correlates with cortical regions involved in information processing, while genes expressed in the ventral hippocampus correlate with regions involved in emotion and stress (amygdala and hypothalamus).
Despite over 50 years of research, attention, and debate, there is still controversy over the basic general function of the hippocampus. There is the cold cognitive hippocampus that stands as the gate to declarative memories, regardless of their emotional content or lack thereof. According to this view, hippocampal dysfunction leads to a ''pure'' amnesia. But the literature also shows another side to the hippocampus, a hot hippocampus that is intimately tied to emotion, regulates stress responses and whose dysfunction leads to affective disorders such as depression. The thesis of this brief review is that there is sufficient behavioral evidence indicating the existence of both functions within the hippocampus. However, gene expression and anatomical projections patterns that vary along the rostral/caudal-dorsal/ ventral extent of the hippocampus suggest that it can be divided into separate structures or zones. We argue that the hippocampus can be thought of as a set of separate structures with a rostral/dorsal zone that serves the cold cognitive function and a caudal/ventral zone that corresponds to the hot/affective hippocampus. An intermediate region that has only partly overlapping characteristics with its neighbors separates the two. We review recently published data on CA1 (Dong et al., 2009 ) and CA3 and add a similar analysis of dentate gyrus. This approach allows us to provide a precise definition of these zones as an alternative to the more arbitrary reference to dorsal and ventral hippocampus that is common in the literature. Furthermore, this definition corresponds well with the available behavioral evidence. The coherence among gene expression, behavioral function, and anatomical projections indicates that segmentation of the hippocampus along its rostral/caudal axis can guide future research toward a resolution of controversies surrounding the general function of the hippocampus.
Functions of the Hippocampus
Memory and Cognition Since the groundbreaking case of H.M., who lost much of his memory when his medial temporal lobe was extirpated for the treatment of his intractable epilepsy, a vast amount of data has linked the hippocampus to memory in humans, other primates, rats, and mice (Scoville and Milner, 1957; Squire, 1992) . While the volumes of data on this subject are beyond the scope of any single review, it is important to point out that many of the specifics of amnesia following hippocampal loss in humans, such as temporally graded retrograde amnesia, are recapitulated in rodents, making these experimentally and genetically tractable species appropriate models (Kim and Fanselow, 1992; Squire et al., 2001) . Additionally, the hippocampus is involved in some but not all types of memory. Certainly there is debate over how best to conceptualize the distinction over what makes memory hippocampus dependent versus independent. However, there can be no argument that following removal of the hippocampus several forms of memory suffer (e.g., episodic memory, spatial learning, or contextual fear).
Most behavioral tests using rodents require some level of positive or negative emotion to motivate the animal to respond (e.g., hunger/food). For example, a common test to assess hippocampal function in rodents, contextual fear conditioning uses aversive electric shock. In the standard version of this task, rats or mice are placed in a chamber where they receive a mild electric shock signaled by a brief tone (Kim and Fanselow, 1992) . When returned to the same chamber where it was shocked the rat freezes, but there is no freezing when the animal is placed in a sufficiently different chamber. This shows that the animal has associated the shock with the training context. The rat will also freeze if the tone is presented, and this tone test is typically done in an untrained chamber, so a measure of the tone-shock association, in the absence of context fear, can be gained. Genetic, pharmacological, and lesion manipulations of the hippocampus all produce a deficit in context but not tone fear. This selectivity to context suggests that the context fear deficit is caused by a failure in context processing and not by a general emotional deficit.
Contextual fear learning requires a period of exploration during which it is hypothesized that the many features of the context are integrated into a coherent representation of the context (Fanselow, 2000) . If rats and mice are given insufficient time to explore the context prior to shock, they show little or no context conditioning (Fanselow, 1986) . Formation of the contextual representation can be temporally segregated from learning the context-shock association by giving context pre-exposure (without shock) on one day and giving shock shortly after placement in the chamber on another day (Fanselow, 1990) . Without the pre-exposure, rats will not learn context fear despite having the context-shock pairing. Using this context pre-exposure effect it has been found that NMDA antagonists and protein synthesis inhibitors directed at the hippocampus block contextual fear memories if given prior to the context pre-exposure but not when given prior to the context-shock pairing (Barrientos et al., 2002; Stote and Fanselow, 2004) . Thus NMDA-mediated plasticity in the hippocampus is important for the more cognitive contextual integration and not the emotion-based context-shock association. This corresponds well with the finding that place fields form in the hippocampus during exploration of an environment even in the absence of any explicit motivation (O'Keefe and Dostrovsky, 1971) . Thus, there is good evidence to believe that the hippocampus supports memory and cognitive functions that do not have an emotional/motivational component. Emotion Historically, the longstanding link between the hippocampus and emotion owes itself to this region's prominent position in Papez's limbic circuit and its hypothesized role in controlling emotion. Early, support for this view was taken from Klü ver and Bucy's classic finding that removal of the medial temporal lobe caused profound emotional disturbances in monkeys (Klü ver and Bucy, 1937) . Building upon such observations as well as Sokolov and Vinograda's findings of hippocampal orienting responses to novelty and change, Gray suggested that the hippocampus is involved in ''states of emotion, especially disappointment and frustration'' (Gray and Jeffrey, 1971, p. 201; Gray and McNaughton, 2000; Sokolov and Vinograda, 1975) .
The hippocampus exerts strong regulatory control of the hypothalamic-pituitary-adrenal axis. Hippocampal lesions impair control of the hormonal stress response (Dedovic et al., 2009; Jacobson and Sapolsky, 1991) . In turn, it is clear that elevations of stress hormones lead to hippocampal dysfunction in both humans and rodents (McEwen et al., 1997; Herman et al., 2005) . In humans, decreased hippocampal volumes and hippocampal dysfunction are associated with psychological disorders with strong affective components such as posttraumatic stress disorder, bipolar disorder, and depression (Bonne et al., 2008; Frey et al., 2007) . Indeed, effective pharmacological treatments of these disorders target hippocampal function and physiology. Thus, the linkage of the hippocampus with emotion and affect is as striking as its relationship with memory.
Anatomical Segregation of Hippocampal Function
In an influential review, Moser and Moser (1998) suggested that the hippocampus may not act as a unitary structure with the dorsal (septal pole) and ventral (temporal pole) portions taking on different roles. Their argument was based on three data sets. First, prior anatomical studies indicated that the input and output connections of the dorsal hippocampus (DH) and ventral hippocampus (VH) are distinct (Swanson and Cowan, 1977) . Second, spatial memory appears to depend on DH not VH (Moser et al., 1995) . Third, VH, but not DH, lesions alter stress responses and emotional behavior (Henke, 1990) .
Behavioral tests of spatial navigation and memory have been particularly illuminating with regard to hippocampal function. An informative task for assessing spatial cognition in rodents is the Morris water maze, where animals must swim to a hidden location using landmarks placed outside the pool (Morris, 1981) . This task clearly implicates the DH in spatial memory. Lesions restricted to as little as 25% of the DH impair acquisition on the water maze and additional damage to the ventral region does not exacerbate the deficit (Moser et al., 1995) . Lesions restricted to the VH have no effect on this behavior. Consistent with the lesion data, there is a greater density of place fields in the DH as opposed to VH (Jung et al., 1994) . Rats that learn the water maze show significant changes in expression of a large number of genes in the DH that is disproportionately greater (z8-to1) in the right than left DH (Klur et al., 2009 ). Again consistent is the finding that inactivation of the right but not left DH abolishes retrieval of this spatial memory (Klur et al., 2009) . Similarly, when taxi drivers recall complex routes through a city the right but not left posterior hippocampus is differentially activated compared to the anterior hippocampus (Maguire et al., 1997) . In primates, the posterior portions of the hippocampus correspond to the rodent DH, while the anterior portions are analogous to the VH. Recall of verbal material also preferentially activates the human posterior over anterior hippocampus but now the left shows greater activation than the right (Greicius et al., 2003) . Another fMRI study by Kumaran et al. (2009) is particularly informative in this regard. They found that activity of the left posterior hippocampus tracks the emergence of new conceptual information. Conceptual information is typically thought of as the acquisition of rules that can guide behavior in novel situations. But it is also easy to see how such relational rules could guide the navigational behavior needed to find a safe platform when starting in a novel location.
Like the water maze, the radial arm maze tests spatial memory by requiring rodents to return to locations not previously visited to find food (Olton and Samuelson, 1976) . Using the radial arm maze, Pothuizen et al. (2004) , found that while DH lesions caused a deficit in spatial memory, VH lesions did not. Returning to an arm previously associated with food is reduced by DH lesions and enhanced by VH lesions (Ferbinteanu and McDonald, 2001) . That the same procedure shows opposite effects for DH and VH lesions provides strong support for the idea that dorsal and ventral zones support different functions. One can interpret these data as being consistent with the dorsal/spatial memory and ventral/emotion distinction. If DH lesions cause a loss of spatial information then the rats would be unable to return to the place associated with food. Rats with VH lesions necessarily had spatial information as they returned to the food-associated location. Rather, the enhancement in preference suggests an altered memory for the affective aspects of food.
In a study that clearly manipulated stress over cognition, Henke (1990) reported that VH but not DH lesions enhanced cold/restraint stress ulcers. Furthermore, Kjelstrup et al. (2002) reported that lesions of the most ventral quarter of the hippocampus increased entry into the open (unprotected) arms of an elevated plus maze and decreased defecation in a brightly lit chamber, both of which are consistent with a reduction in anxiety. The VH lesioned animals also showed less of an increase in corticosterone in response to confinement in the brightly lit chamber.
Fear conditioning tasks offer a test of spatial (context fear) and nonspatial (cued fear) memory where performance is motivated by emotion. For the DH, the data are clear that dorsal lesions cause an impairment in retention of contextual as opposed to cued fear (Kim and Fanselow, 1992) , and this contextual deficit may be more related to dorsal CA1 than CA3 . As pointed out earlier, the contextual pre-exposure effect described above offers a way of separating the contextual and emotional learning components of contextual fear conditioning, and pharmacological manipulations aimed at DH are highly effective during the pre-exposure period.
While the effects of VH manipulations on fear conditioning tasks are a bit less straightforward, they suggest if anything the deficits are more pronounced and more general. As in DH (Quinn et al., 2005) NMDA antagonists infused into the VH block the acquisition of context fear but not fear to a tone that accurately signals shock (Zhang et al., 2001 ). However, VH lesions or infusions of muscimol (which temporarily inactivates neurons) block tone fear and produce less consistent effects on context fear Maren and Holt, 2004; Rogers and Kesner, 2006) . The greater, or at least more consistent, effects of VH lesions on tone than context fear cannot be attributed to sensory modality. Contexts usually contain an olfactory component and using a temporal-order discrimination task found that VH lesions had more pronounced effects when olfactory cues as opposed to visual or spatial cues were used. The opposite was true for DH lesions. This role of the VH in Pavlovian fear is consistent with the suggestions of the Moser group, that the hippocampus regulates emotion, and Anagnostaras et al. (2002) , that VH manipulations alter fear conditioning by depriving the amygdala of both dorsal and ventral hippocampal information. The amygdala has a very general role in mediating fear memory and only receives direct hippocampal input via the VH (Maren and Fanselow, 1995) .
However, the idea that the VH plays no role in spatial memory is not ubiquitous. Ferbinteanu et al. (2003) using a ''match-toposition'' version of the water maze found a perfect parallel in the deficits in spatial memory produced by just DH or just VH lesions, both slowed acquisition and the deficit was overcome by repeated training. Additionally, Rudy and Matus-Amat (2005) challenged the idea that the VH has no role in context processing using the context pre-exposure design to isolate context learning from emotional learning. They found that inactivating the VH before and blocking protein synthesis immediately after context pre-exposure attenuated the benefits of pre-exposure. Since no shock is given during the pre-exposure, these VH effects seem unlikely to be through affective processing. To further support this argument, infusion of the protein synthesis inhibitor immediately after context-shock pairing had no effect on subsequent fear memory even though this is the period during which an affective memory should be consolidated. Conclusions There are substantial data supporting the Moser theory that the dorsal or septal pole of the hippocampus, which corresponds to the human posterior hippocampus, is specifically involved in memory function and the ventral or temporal pole of the hippocampus, which corresponds to the anterior hippocampus in humans, modulates emotional and affective processes. Consistent with Gray and Jeffrey's original idea that the hippocampus is involved in negative affect such as frustration and anxiety (Gray and Jeffrey, 1971) , VH manipulations tend to decrease fear and anxiety (Kjelstrup et al., 2002; Maren and Holt, 2004) and increase motivation for food (Ferbinteanu and McDonald, 2001 ). However, there are several pieces of data that do not fit easily into this distinction. One potential explanation of the discrepancies is that the field has not adopted a single definition of what exactly is the DH versus VH that is based on a set of independent and objective criteria. Bannerman et al. (1999) suggested that DH be defined as 50% of the total hippocampus starting at the septal pole, with VH as the remaining half. This is an arbitrary definition as it relies on no independent objective attributes. Studies from the Moser group are clearest in separating function when lesions are restricted to 25% of hippocampal volume starting at either the septal pole (spatial tasks, Moser et al., 1995) or temporal pole (emotion, Kjelstrup et al., 2002) . Studies that implicated the VH in spatial learning have had drug infusion sites or lesioned regions that extended dorsally to at least the intermediate hippocampus. Therefore, the next section of this paper uses newly available gene expression data to try to help define DH and VH.
Molecular and Functional Domains of the Hippocampus
The basic cytoarchitectonic scheme of the hippocampus was established originally by Ramó n y Cajal (1901) and Lorente de Nó (1934) . Their pioneering work illustrated the distinct morphological properties of small pyramidal neurons in CA1 (region superior of Cajal) , and large pyramidals in CA3 (region inferior of Cajal, with mossy fibers) and CA2 (without mossy fibers). Indeed, Cajal (1901) was the first to notice differences in the hippocampus across the dorsal-to-ventral axis. He originally distinguished two perforant paths from the entorhinal cortex, ''superior'' and ''inferior,'' that target what was later referred to on connectional grounds (Gloor, 1997; Swanson and Cowan, 1975) as the ''dorsal'' and ''ventral'' hippocampus, respectively. Lorente de Nó (1934) also divided the ''ammonic system'' into three main segments along its longitudinal axis according to their different afferent inputs. He stated that while there is no sharp boundary, each of these segments has special structural features, although he did not give detailed descriptions of their borders.
Two recent reports based on the systematic, high-resolution analysis of a comprehensive, genome-wide digital gene expression library-the Allen Brain Atlas (ABA, www.brain-map.org)-revealed that pyramidal neurons in both CA1 and CA3 display clear regional and laminar specificities in C57Bl/6 mice. Using these robust gene markers, both of these fields were parceled into multiple, spatially distinct molecular domains and subdomains (Dong et al., 2009; Thompson et al., 2008) . This genomic-anatomic evidence, together with our careful re-evaluation of the hippocampal cytoarchitecture, as well as the literature of numerous neuronal connectivity and functional studies in the last three decades, leads us to provide a testable hippocampal structural-functional model for understanding the heterogeneity of the DH and VH.
Our model suggests that both CA1 and CA3-the Ammon's horn as a whole-are divided respectively into three major molecular domains: dorsal (CA1d and CA3d), intermediate (CA1i and CA3i), and ventral (CA1v and CA3v) (Dong et al., 2009) . The complex geographic topology of these three domains is better appreciated in the three-dimensional context of the mouse brain ( Figure 1A) , in which the entire Ammon's horn appears to be an elongated C-shaped cylinder. Its two free ends compose the major proportions of the dorsal (CA1d and CA3d) or ventral (CA1v and CA3v) domains, respectively, arching rostromedially, while the intermediate domains of the CA1 (CA1i) and CA3 (CA3i) defined here occupy the intermediate one-third, primarily the vertical part of the ''C.'' Our dorsal, ventral, and intermediate domains correspond approximately to the septal, temporal, and caudal poles of Swanson and Cowan (1977) , although they did not give clear rationale for how these boundaries were drawn. At one sagittal level of the C57Bl/6 mouse brain atlas (2.494 mm lateral to midline) showing the maximal extension of the hippocampus (where the dorsal and ventral parts merge into one unit), the CA3 pyramidal neurons cluster together and appear as one dark ''X-shaped pyramidal pool'' ( Figure 1E , second row). The geographic scope within the four corners of this ''X-shaped-pyramidal pool'' (indicated by 1, 2, 3, or 4 in Figure 1E ) corresponds to the CA3i defined here. It is located right in the middle (or intermediate) portion of the hippocampus and appears to be the most obvious landmark between the DH and VH. Starting from this point rostrally and medially, the hippocampus is separated into two individual dorsal and ventral parts. Caudally/laterally, these two parts appear as one entity in (A) Shows a three dimensional (3D) model of Ammon's horn, which appears as a ''C'' shaped cylinder with its dorsal and ventral ends toward rostral and medial directions of brain. CA1 occupies the area dorsal, lateral, and caudal to the CA3. (B) (Lateral view) and (C) (medial view) display heterogenic spatial distribution patterns of several representative marker genes expressed specifically in CA1 (Wfs1, Dcn, Grp, and Htr2c), CA2 (Amigo), or CA3 (Map4k3, Iyd, Itga7, Plagl1, and Coch) . Expression of these genes in the Ammon's horn reveals clear segregation among the dorsal (including CA1d, CA2, CA3d), intermediate (CA1i and CA3i), and ventral (CA1v and CA3v) areas. Expression of these genes were plotted onto representative coronal planes of the Allen Reference Atlas (Dong, 2007) as shown in (D), which reveals clear boundaries between these molecular domains in CA1 and CA3. The 3D model and gene expression in Ammon's horn were generated in BrainExplore (Lau et al., 2008) , a 3D application of the Allen Reference Atlas (www.brain-map.org). (E) Illustrates the spatial definition of the CA3i, which appears as an ''X''-shaped pyramidal neuronal pool on one particular ''resliced'' sagittal plane of the Allen Reference Atlas (in the middle panel, 2.494 mm from the middle line). The detailed Nissl-stained cytoarchitecture of the hippocampus is shown side by side. Numbers 1-4 indicate four corners of the ''X'' shaped pyramidal pool in domain CA3i at this sagittal plane and their corresponding spatial positions on the coronal planes (shown in the dorsal and ventral panels), which indicate the boundaries between the CA3d and CA3i (number 1; number 2 represents the dorsal end of the CA3 at the most caudal level) and between CA3i and CA3v (number 3 at more rostral and 4 more caudal). These images were generated with the AGEA application of the ABA. (F) Shows four representative genes that are expressed preferentially in both domain CA3d and CA3i (Rph3a), CA3i (Loxl1), and CA3v (Plagl1 and Coch). Numbers 1-4 indicate corresponding anatomic locations in (E). These gene expression digital images were downloaded from the ABA.
which the CA3i, CA2 caudal portion, and CA1i contiguously occupy the vertical portion of the ''C'' shaped hippocampus progressively toward the more lateral side of the brain on sagittal planes.
On coronal planes ( Figures 1D-1F ), the CA3i, which includes regions 5 (characterized by gene Serpinf1) and 4 (the caudaldorsal end of the CA3 characterized by gene Col15a1 and Ccdc3) of Thompson et al. (2008) , first appear at the levels where the orientation of the hippocampus sweeps from the transverse (pyramidal neurons are aligned along the medial-tolateral direction) to vertical (pyramidal neurons are ''stacked'' along the dorsal-to-ventral direction), and the DH and VH are merging as one unit. The CA3d is defined as the CA3 portion dorsal/rostral to the CA3i toward its septal end. The CA3d can be further subdivided into three subdomains: dorsal-medial (CA3dm, toward the dentate gyrus), dorsal-intermediate (CA3di), and dorsal-lateral (CA3dl; toward the CA2). These three subdomains correspond respectively to regions 1, 2, and 3 of Thompson et al. (2008) and at least partially overlap with the CA3c, CA3b, and CA3a of Lorente de Nó (1934), which we believe referred mostly to different parts of Ammon's horn along the horizontal (rostral-to-caudal) and transverse (medial-tolateral), but not longitudinal (dorsal-to-ventral) axis. The CA3v refers to the portion of CA3 ventral to the CA3i and can also be subdivided into at least two subdomains, CA3 ventral-dorsal (CA3vd) and CA3 ventral-ventral (CA3vv), which correspond respectively to regions 6 (characterized by gene Plagl1) and 7 (ventral tip of the CA3, characterized by gene Coch) of Thompson et al. (2008) .
The CA2 (characterized by Amigo), which is clearly located between the CA1d and CA3d at the rostral one-third of the hippocampus ( Figures 1B and 1C) , should be included in the dorsal domain of the Ammon's horn. Nevertheless, a number of gene markers in the ABA database, including Map4k3 and Adcy4, reveal that CA2's caudal portion at the levels where the DH and VH merge overlap partially with the rostral portion of CA1i that is sandwiched between CA1d and CA1v (depending on the cutting angels of brain sections). Finally, it is worth noting that gene expression in the dentate gyrus also displays distinct regional specificity. As shown in Figure 2 , Lct is preferentially expressed in the dorsal/septal/rostal part of the dentate gyrus, which runs in parallel with the CA1d and CA3d. In contrast, Trhr is expressed specifically in its ventral/temporal/caudal part, while the intermediate portion contains only sparse signal for these two genes. This suggests that the entire hippocampal region, including both the Ammon's horn and dentate gyrus, may be composed of three distinct molecular domains, dorsal, intermediate, and ventral.
Of equal importance, gene expression in pyramidal neurons of both CA1 and CA3 also display clear laminar specificities (Dong, et al., 2009; Thompson et al., 2008) . Accordingly, Dong et al. (2009) subdivided the CA1 pyramidal layer into 2-3 sublayers, which show distinct cytoarchitectonic and gene expression specificities in different domains and subdomains along the longitudinal axis. Domain CA1d pyramidal layer consists of two very distinctive sublayers: the darkly stained, tightly arranged superficial layer (CA1d-sps) and the loosely arranged deep layer (CA1d-spd). These morphological properties become progressively less distinctive toward the ventral (temporal) direction, although the thickness of pyramidal layer (especially the deep layer) increases incrementally. In two dorsally located subdomains of the CA1v (CA1vd and CA1vid), one more sublayer (the middle sublayer) appears between the superficial and deep layers. Nevertheless, toward the more ventral area, especially in the CA1vv (the most ventral tip of the CA1), all pyramidal neurons appear to have similar morphology and form a uniformed single layer with pyramidal neurons arranged in 7-8 parallel rows. In fact, Lorente de Nó (1934) noticed the difference between these types of pyramidal neurons in superficial and deep layers of CA1. According to him, the deep pyramids correspond more or less to what Cajal calls ''pirá mides dislocadas'' (luxated pyramids), which are less numerous in lower mammals (mouse, rabbit, dog, cat) than in the primates (monkey, man). Another important fact is that these two types of pyramidal neurons have a different relation to the basket cells. The superficial pyramids are in contact with the end arborizations of the pyramidal, horizontal and polygonal basket cells, while the deep pyramids are chiefly in contact with the polygonal basket cells, and the deepest have almost no contact with the basket plexus. This distinction is very important considering that basket neurons play a key role in regulating activity of pyramidal neurons.
In summary, although laminar and regional specificities of pyramidal neurons in the isocortex have been studied extensively, surprisingly very little is known about different phenotypes of pyramidal neurons in the hippocampus. Pyramidal neurons within the CA1 or CA3 display both regional and laminar specificities in different molecular domains. Distinctively expressed gene markers will provide an extremely powerful tool for understanding the functional roles of specific neuronal groups in anatomic, physiological, and genetic studies. 
. Molecular Domains of the Dentate Gyrus
Three-dimensional model of the dentate gyrus in the context of the whole mouse brain (A, lateral view) and its spatial relationship with Ammon's horn (dark green in B, medial view). Two genes, Lct (blue) and Trhr (red), are expressed preferentially in the dorsal/septal one-third or ventral/ temporal one-third of the dentate gyrus, respectively. These images were generated in BrainExplorer. Abbreviations: AH, Ammon's horn; CTX, cerebral cortex; DG, dentate gyrus; HPF, hippocampal formation; OB, olfactory bulb.
Anatomic Connectivity
Neuronal connectivity of the hippocampus has been studied extensively in the last three decades using modern tract tracing methods in rats, cats, and monkeys (Burwell, 2000; Swanson et al., 1987; Witter and Amaral, 2004) . One critical question that remains to be clarified is how these connectivity data correlate with the molecular domains of the hippocampus defined in C57Bl/6 mice as discussed in the last section (see also Dong et al., 2009; Thompson et al., 2008) . Ultimately, it would be necessary to map expression of these marker genes in rats, monkeys, and even humans, to provide novel molecular insight underlying the abundant anatomic, physiological, behavioral, and functional data collected in these species. It is also necessary to systematically examine and validate the neuronal connectivity of the hippocampus in the C57Bl/6 mouse, which has become the most frequently used animal model because of the availability of powerful genetic tools. Nevertheless, it is well accepted that the fundamental organization of hippocampal connectivity, both intrinsic and extrinsic, is very consistent in rats, cats, monkeys, and humans (Burwell, 2000; Swanson et al., 1987; Witter and Amaral, 2004) . Thus, it is very likely that hippocampal connectivity in mice also follows the same principle, although this remains to be confirmed, hopefully in the near future.
Accumulated evidence reviewed below suggests that different parts of the hippocampus display distinctive, topographically arranged, neuronal connectivity patterns, which coincide well with the gene-expression based model in mice (Dong et al., 2009) . For the sake of clarity, it is worth noting that the dorsal (septal), intermediate, and ventral (temporal) parts of the hippocampus in rats, as originally illustrated in Swanson and Cowan (1977) , at least partially overlap with our dorsal, intermediate, and ventral molecular domains of the hippocampal formation. The dorsal and ventral subiculum were also arbitrarily defined as the parts that are dorsomedial and ventromedial to CA1, while the intermediate part was considered the portion that is caudal (behind) the caudal end of CA1 (Kishi et al., 2000) . In addition, Swanson and his colleagues (Cenquizca and Swanson, 2007; Petrovich et al., 2001; Risold and Swanson, 1996; Swanson, 2004 ) also divided the entire hippocampus into five functional domains on a flattened map along the longitudinal axis, although the exact boundaries of these domains on the coronal planes are yet to be clearly defined. Based on our own observation of gene expression and neuronal connectivity data, it appears that our domain CA1d in mice corresponds to the dorsal half of their domain 1, and domain CA1i to the ventral half of their domain 1, while our domain CA1v relates to their domain 2-5 as whole.
Intrahippocampal Connectivity
In general, the fundamental organization of the hippocampal formation as a whole can be succinctly described as a series of parallel cortical strips that are interrelated by a series of transverse association (and commissural) pathways . The entire entorhinal cortex can be divided into three relatively independent, rostrocaudally oriented, parallel band-like zones: the caudolateral, intermediate, and rostromedial zones, which may represent three distinct functional units because their neuronal inputs are different and direct connections between these three zones are very sparse (Burwell, 2000; Dolorfo and Amaral, 1998; Insausti et al., 1997) . In general, the caudolateral band receives the most visuospatial information (mostly via adjacent perirhinal and postrhinal cortex), and in turn, projects specifically to the dorsal/septal (caudal in monkey) hippocampal region. The medial band, which receives primarily olfactory, visceral, and gustatory inputs, projects specifically to the ventral/temporal (anterior in monkey) hippocampus, while the intermediate band seems to receive even more widespread inputs and projects primarily to the intermediate parts of the hippocampus. This topographically ordered, at least partly nonoverlapping manner of dorsal-to-dorsal, intermediate-tointermediate, and ventral-to-ventral projection patterns are repeated at each step of the classic ''trisynaptic'' circuits (dentate gyrus > CA3 > CA1 > subiculum). This fundamental organization is conserved in rats (Cenquizca and Swanson, 2007; Dolorfo and Amaral, 1998; Insausti et al., 1997; Ishizuka et al., 1990) , cats (Witter and Groenewegen, 1984) , and monkeys (Chrobak and Amaral, 2007; Suzuki and Amaral, 1990; Witter and Amaral, 1991) . Additionally, more extensive serial and parallel intrahippocampal circuits have been well characterized. It is clear that the entorhinal cortex innervates all of the hippocampal components, and both the CA1 and subiculum send direct projections back to the entorhinal area, which correspond to their reciprocal projections from the entorhinal cortex to the CA1 and subiculum that follow the same topographic patterns along the longitudinal axis (Cenquizca and Swanson, 2007; Kloosterman et al., 2003; Naber et al., 2001; Tamamaki and Nojyo, 1995; van Groen et al., 1986) .
In the next section, we review projections from the CA1 and subiculum, which represent the ''ending points'' of the ''trisynaptic circuit'' and primary sources of ''extrinsic'' hippocampal-subicular projections.
Neuronal Connectivity of the Dorsal Hippocampus
The dorsal (septal, caudal in primates) CA1, which contains the greatest density and selectivity of place cells coding spatial location (Jung et al., 1994; Muller et al., 1996) , sends massive sequential, multisynaptic, and presumably feed-forward excitatory projections to the dorsal parts of the subiculum, presubiculum, and postsubiculum ( Figure 3 ; Amaral et al., 1991; Swanson and Cowan, 1977; van Groen and Wyss, 1990; Witter and Amaral, 2004; Witter and Groenewegen, 1990) . The dorsal parts of the subicular complex contain the most ''head direction'' or ''compass'' cells for coding head position in space (Taube, 2007; Taube et al., 1990) .
The most prominent cortical projections from the dorsal CA1 and the dorsal parts of the subicular complex are to the retrosplenial and anterior cingulated cortices in rats (Cenquizca and Swanson, 2007; Risold et al., 1997; Van Groen and Wyss, 2003; Vogt and Miller, 1983) and monkeys (Kobayashi and Amaral, 2007; Parvizi et al., 2006; Roberts et al., 2007) -two cortical regions involved primarily in the cognitive processing of visuospatial information and memory processing (Frankland et al., 2004; Han et al., 2003; Jones and Wilson, 2005; Lavenex et al., 2006) and environmental exploration (spatial navigation) in rats (Harker and Whishaw, 2004) , monkeys (Lavenex et al., 2007) , and humans Spiers and Maguire, 2006) . Meanwhile, the dorsal (but not ventral) parts of this subicular complex send massive parallel projections through the postcommissural fornix to the medial and lateral mammillary nuclei and the anterior thalamic complex (Ishizuka, 2001; Kishi et al., 2000; Swanson and Cowan, 1975 )-two structures containing the most navigation-related neurons (Taube, 2007) . In turn, these subcortical structures send their projections back to the DH and retrosplennial cortex (Risold et al., 1997) . It is apparent that this neural network, composed of the dorsal CA1-dorsal subicular complex-mammillary body-anterior thalamic nuclei-provides the most important interface to register a cognitive map for the navigation/direction system, thus enabling animals to properly orient and execute behaviors in a learned environment (Muller et al., 1996; Jeffery, 2007; Taube et al., 1990) .
Additionally, the dorsal CA1 and dorsal CA3 project rather selectively to the caudal part (LSc) and tiny dorsal region of the medial zone of the rostral part (LSr.m.d) of the lateral septal nucleus, which in turn projects to the medial septal complex and supramammillary nucleus (Risold and Swanson, 1996) two structures that generate and control the hippocampal theta rhythm activated during voluntary locomotion Stewart and Fox, 1990) . Furthermore, the dorsal subiculum and lateral band of the lateral and medial entorhinal cortex send massive projections to the rostrolateral part of the nucleus accumbens and rostral caudoputamen (Groenewegen et al., 1996; Naber and Witter, 1998; Swanson and Kö hler, 1986) , both of which send descending projections either directly or indirectly via the substantia innominata (ventral pallidum) or globus pallidus (dorsal pallidum), to innervate the ventral tegmental area and/or reticular part of the substantial nigra (SNr) (Groenewegen and Russchen, 1984; Groenewegen et al., 1996; Mogenson et al., 1983) . The ventral tegmental area plays a critical role in locomotion (Swanson and Kalivas, 2000) , while the SNr mediates orienting movements of the eyes, head, neck, and even upper limbs, via its massive projection to the deeper layers of the superior colliculus (Hikosaka and Wurtz, 1983; Werner et al., 1997) . Accordingly, Swanson (2000) proposed that these structures, together with the immediately adjacent mammillary body in the caudal hypothalamus, compose a ''caudal behavior control column'' underlying expression of exploratory or foraging behavior. Together, each of these three structures are involved in three essential aspects of exploration: locomotion (the ventral tegmental area), orientation of movements (SNr), and spatial direction (mammillary body).
In short, the dorsal hippocampal-subiculum complex forms a critical cortical network with the retrosplenial and anterior cingulate cortical areas that mediate cognitive process such as learning, memory, navigation, and exploration.
Neuronal Connectivity of the Ventral Hippocampus
The first distinct connectivity of ventral CA1 from that of dorsal CA1 is in its direct projection to the olfactory bulb (with significantly denser terminals in the accessory olfactory bulb) and several other primary olfactory cortical areas, including the anterior olfactory nucleus, piriform cortex, and endopiriform nucleus in rats (Cenquizca and Swanson, 2007) and monkeys (Roberts et al., 2007) . Such projections may play a role in the depression-like symptoms that follow loss of the olfactory bulb that are reversed by antidepressants and cannot be attributed to a loss in olfaction (Song and Leonard, 2005; Wang et al., 2007) . Next, the ventral CA1 and ventral subiculum share massive bidirectional connectivity with amygdalar nuclei that receive main and accessory olfactory sensory inputs, including the posterior amygdalar, posteromedial cortical amygdalar, posterior basomedial amygdalar nuclei, postpiriform transition area, and medial amygdalar nuclei (Cenquizca and Swanson, 2007; Kishi et al., 2000; Petrovich et al., 2001; Pitkä nen et al., 2000; Saunders et al., 1988; Witter and Amaral, 2004) . Additionally, the ventral CA1/subiculum and these amygdalar nuclei also share intimate bidirectional connectivity with the infralimbic, prelimbic, and agranular insular cortices (Chiba, 2000; Hoover and Vertes, 2007; Jones and Wilson, 2005; Roberts et al., 2007; Thierry et al., 2000) . Figure 4 shows that these ventral hippocampal/subicular-amygdalar-medial prefrontal cortical structures form a series of parallel, segregated descending projections, either directly or indirectly through the lateral septum (rostral and ventral parts), the medial and central amygdalar nuclei, and bed nuclei of the stria terminalis (BST), to innervate the periventricular and medial zones of the hypothalamus-the primary structure involved in the control of neuroendocrine, autonomic, and somatic motor activities associated with three basic classes of motivated behaviors having strong emotional components: ingestion (feeding and drinking), reproduction Abbreviations: ACA, anterior cingulated area; ACB, nucleus accumbens; ATN, anterior thalamic complex; CP, caudoputamen; DGd, dorsal domain of the dentate gyrus; ENTl, the caudolateral band of the entorhinal cortex; GP, globus pallidus; LM, lateral mammilary nucleus; LSc, the caudal part of the lateral septal nucleus; MM, medial mammilary nucleus; MSC, medial septal complex; PRE, presubiculum; POST, postsubiculum; RSP, retrosplenial cortex; SNr, reticular part of the substantial nigra; SUBd, dorsal subiculum; SUM, supramammillary nucleus; VTA, ventral tegmental area.
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Two subsets of this ventral hippocampal network deserve more attention. First, the most ventral tips of the CA1and subiculum (domain CA1vv in C57Bl/6 mice as defined here and domain 5 in rats of Swanson [2004] ), as well as their immediately adjacent posterior amygdalar nucleus, presumably form one unique cortical network in the medial temporal lobe specifically for controlling neuroendocrine activities, via their strong projections to the ventral part of the lateral septum (LSv) and anteromedial nuclei of the BST (Canteras et al., 1992; Dong et al., 2001a; Risold and Swanson, 1996) , two cerebral nuclei that send massive projections to the hypothalamic neuroendocrine motor neuron pool (Dong et al., 2001b; Dong and Swanson, 2006; Risold and Swanson, 1996) . Projections from the VH to the anteromedial group of the BST may be critical for understanding neuroendocrine dysfunctions associated with psychiatric disorders (such as depression, anxiety, and PTSD), because the latter is the only known cerebral structure that sends direct projections to innervate CRH neuroendocrine neurons in the hypothalamic paraventricular nucleus (PVH) (Cullinan et al., 1993; Dong et al., 2001b; Dong and Swanson, 2006) . The BST is one critical relay station for the hippocampal regulation of the hypothalamic-pituitary-adrenal response to psychological stress (Cullinan et al., 1993; Choi et al., 2007 Choi et al., , 2008 and plays an important role in anxiety (Walker et al., 2009) .
Second, both the ventral CA1 and subiculum send direct projections to the central amygdalar nucleus, especially its capsular part (CEAc) (Cenquizca and Swanson, 2007; Kishi et al., 2006) , which may have the potential to mediate the VH contribution to fear learning (Maren and Holt, 2004) . The CEAc receives dense projections from the external-lateral part of the parabrachial nucleus, which is specifically involved in processing and relaying aversive sensory information and is necessary for taste aversion learning Bernstein, 2009, Bernard et al., 1993; Tokita et al., 2007) . Therefore, the connections between VH and CEAc may support the newly discovered role of the VH in long-delay taste aversion learning (Koh et al., 2009) . It is important to recall that the ventral CA1 and subiculum also receive substantial inputs from the lateral amygdalar and basolateral amygdalar nuclei (Petrovich et al., 2001; Pitkä nen et al., 2000) , which, together with the central nucleus, are essential components of Pavlovian fear conditioning (Fanselow and Poulos, 2005; McGaugh, 2004; Rodrigues et al., 2009) . These circuits provide a firm foundation for further investigation of the role of the hippocampus in expression of anxiety and other neuropsychiatric disorders (Herman et al., 2005; McEwen et al., 1997; Rodrigues et al., 2009) .
It is worth noting that the ventral CA1, along with the ventral subiculum and medial band of the lateral and medial entorhinal cortical areas, also gives rise to direct projections to the caudomedial (shell) nucleus accumbens (but not the rostral and lateral parts) (Groenewegen et al., 1996; Naber and Witter, 1998) , which plays a critical role in reward processing (Wassum et al., 2009) and motivation of feeding behavior (Kelley et al., 2005a (Kelley et al., , 2005b . Finally, axonal terminals of the ventral CA1 and ventral subiculum overlap with the circadian-rhythm related inputs from the suprachiasmatic nucleus of the hypothalamic subparaventricular zone and dorsomedial hypothalamic nucleus (Cenquizca and Swanson, 2007; Kishi et al., 2000; Watts et al., 1987) -two brain structures recently shown to control the sleep-wake circadian circle (Saper et al., 2005) . The latter two structures may provide a critical interface for the hippocampal inputs to influence general behavioral states and affect. For example, depression and sleep disturbances are highly comorbid and are sensitive to similar pharmacological treatments (Holshoe, 2009; Pandi-Perumal et al., 2009) .
In summary, the connectivity of the VH places it in an ideal situation to regulate the impact of emotional experiences and to control general affective states. Neuronal Connectivity of the Intermediate Hippocampus The intermediate dentate gyrus and hippocampus proper receive input preferentially from the intermediate band of the lateral and medial entorhinal cortex, which receives widespread intermixed cortical inputs (Burwell, 2000) . Two recent studies using the sensitive PHAL anterograde tracing method found that projections from the intermediate CA1 (Cenquizca and Swanson, 2007) and subiculum (Kishi et al., 2000) display distinctive extrinsic projection patterns. First, unlike that of the dorsal CA1, the intermediate CA1 does not send direct projections to the retrosplenial area; instead, it generates moderate to light direct projections to two primary olfactory cortical areas (the anterior olfactory nucleus and dorsal tenia tecta) and the infralimbic and prelimbic areas of the medial prefrontal cortex (Cenquizca and Swanson, 2007) , all of which receive denser inputs from the ventral CA1 as reviewed above. On the other hand, unlike that of the CA1v, the intermediate CA1 does not generate direct projections to the amygdala, BST, or hypothalamus (Cenquizca and Swanson, 2007) . However, the intermediate part of the subiculum, which is heavily innervated by the intermediate CA1, sends substantial inputs to several amygdalar nuclei, including the lateral, basolateral (both anterior and posterior parts), and basomedial (both anterior and posterior) amygdalar nuclei (Kishi et al., 2006; Pitkä nen et al., 2000) . In turn, these amygdalar nuclei send substantial projections back to the intermediate part of the subiculum and, to a lesser degree, to the intermediate CA1 and CA3 (which corresponds to the ventral half of domain 1 of Swanson, 2004; Petrovich et al., 2001; Pitkä nen et al., 2000) . Additionally, it appears that neuronal inputs from several amygdalar nuclei, especially the ventromedial region of the lateral, posterior basomedial, and posterior basolateral amygdalar nuclei, terminate heavily in the intermediate region of the lateral entorhinal cortex (Petrovich et al., 2001; Pitkä nen et al., 2000) , by which they subsequently reach the intermediate parts of the hippocampus proper and subiculum.
Similar to that of the dorsal subiculum, hypothalamic projections arising from the intermediate subiculum predominantly run through the postcommissural fornix pathway, but not the medial corticohypothalamic tract (Kishi et al., 2000) . These projections generate a cluster of terminal fields specifically in the part of the perifornical region that lies between the fornix and the posterior part of the anterior hypothalamic and anterior part of the dorsomedial hypothalamic nuclei. However, this projection's connectivity and functional significance are poorly understood. Additionally, the different parts of the intermediate subiculum also generate differential input to the anterior hypothalamic, supramammillary, and medial mammillary nuclei (Kishi et al., 2000) . Alternatively, the intermediate CA1 (Swanson and Cowan, 1977) gives rise to two distinct terminal fields in the rostral and caudal parts of the lateral septum, which in turn sends dense projections to the anterior hypothalamic and supramammillary nucleus (Risold and Swanson, 1996) . Nevertheless, the specific connectivity pattern of the intermediate hippocampus and subiculum remain to be further characterized. And very little is known about its specific functions.
Interactions between Hippocampal Zones
As reviewed above, the dorsal, intermediate, and ventral parts of the hippocampus display distinctive patterns of connectivity. However, it should also be recognized that these three areas are not completely isolated from each other. Instead, they can interact via several routes. The perirhinal and postrhinal cortical areas provide one potential interface for these interactions. These two cortical areas projecti to almost the entire entorhinal cortex, with its strongest inputs to the lateral (DH-projecting) band with substantially weaker inputs to the medial (VH-projecting) band, in addition to their direct projections to the dorsal CA1 and subiculum (Burwell, 2000; Shi and Cassell, 1999; Witter and Amaral, 2004) . Interestingly, the ventral CA1, but not dorsal CA1, sends substantial projections to the perirhinal and postrhinal cortical areas (Cenquizca and Swanson, 2007) . Information from the ventral CA1 can also reach the perirhinal and postrhinal cortical areas indirectly through the ventromedial portion of the lateral amygdala and posterior basomedial amygdalar nuclei. These two amygdalar nuclei share bidirectional connectivity with the ventral (but not dorsal) CA1 and subiculum (Burwell, 2000; Petrovich et al., 2001; Pitkä nen et al., 2000) . Apparently, the perirhinal and postrhinal cortical areas provide a critical interface for ongoing information from the VH to be dynamically integrated with complex multimodal inputs from other cortical areas (e.g., visual/spatial and olfactory information), medial prefrontal cortex, and amygdalar nuclei, before it reaches the DH. This interaction may provide critical support for the ability of emotion to enhance memory consolidation in general (Malin and McGaugh, 2006) . Additionally, perirhinal and postrhinal cortices are critical for long-term retention of contextual fear memories (Bucci et al., 2000; Burwell et al., 2004) .
The rostral part of the reuniens nucleus of the midline thalamus may serve as another critical juncture for the VH network to affect the DH network, via several potential multisynaptic corticosubcortico-cortical loops. This thalamic nucleus receives massive inputs from all three components of hypothalamic defensive behavioral control network (anterior hypothalamic, dorsomedial part of the ventromedial hypothalamic, and dorsal premammillary nuclei), all of which are innervated by the ventral CA1 and subiculum (Risold and Swanson, 1996; Risold et al., 1997) . In turn, the reuniens nucleus sends massive projections to the entire CA1 and subiculum, as well as to the entorhinal, perirhinal, and postrhinal cortical areas (Risold et al., 1997; Vertes et al., 2007) . Furthermore, the reunion thalamic nucleus serves to gate the flow of information from the medial prefrontal cortex to the hippocampus . Thus, these long ''feedback'' projection pathways may dynamically coordinate and synchronize ongoing goal-orientated motivated behavior regulated by the VH network, with orientation/navigation/direction controlled by the DH network.
On the other hand, the DH network can also affect the VH. The most obvious route is through the dorsal zone's projections to the medial septal complex and supramammillary nucleus, because both of these structures send widespread projections back to the entire hippocampus (Gaykema et al., 1991; Haglund et al., 1984; Vertes and Kocsis, 1997) . In this way, the flow of information associated with navigation/direction can dynamically modulate output to the hypothalamic neuronal network controlling goal-oriented motivated behavior (such as fighting, mating, and feeding).
Conclusions
Differences in the connectivity of the dorsal and ventral portions of the hippocampus first lead anatomists to speculate that these two regions may serve different functions. The septal pole being better situated to communicate with brain regions associated with cognition and the temporal pole better situated to contribute to emotional reactions. Gradually, behavioral data has accumulated that is generally consistent with this segregation, although there were some exceptions. Recent detailed gene expression analysis unequivocally supports a segregation of all the major hippocampal subfields (CA1, CA3, and dentate gyrus) into dorsal, intermediate, and ventral zones. Each of the three zones possesses very distinct neuronal connectivity patterns. The genetic data not only support the segregation suggested by the anatomical connection data and behavioral results, it much more clearly demarks these regions. By clarifying the boundaries, inconsistencies in the behavioral findings appear to dissolve. For example, rodent studies that suggested DH and VH support similar cognitive functions appear to have targeted what we call the intermediate rather than VH (Ferbinteanu et al., 2003; Rudy and Matus-Amat, 2005) .
One issue confronting a functional segregation of the hippocampus is that the obvious similarities between DH and VH should not be overlooked. The intrinsic wiring throughout the longitudinal axis of the hippocampus still revolves around the trisynaptic circuit, whose major characteristics are preserved in both dorsal and ventral zones. There are place fields throughout the hippocampus although the size of the fields increases dramatically as the hippocampus is traversed from the dorsal to ventral zones (Kjelstrup et al., 2008) . If the DH and VH serve such different biological functions, why is their circuitry so similar? We speculate that the topography of the circuitry reflects a common set of calculations. When Gray and McNaughton (2000) theorized about how the hippocampal formation processes emotion they suggested that the computations were based on a series of comparators that compared multiple goals and initiated corrective actions. These sorts of operations are exactly what need to occur for navigation; current position needs to be compared with current course and goal and then course adjustments must be made. It should also be noted that the place field size in the ventral pole of the rat's hippocampus is so large (e.g., 10 m; Kjelstrup et al., 2008 ) that it may be better suited to conveying the emotional or motivational significance of a large area rather than navigation between two points.
Although the profound significance underlying the intimate correlation between gene expression patterns and the topography of neuronal connectivity in the CA1's molecular domains remains to be determined, it is obvious that the DH and VH are genetically wired independently in a way that allows for different functional capabilities. It is clear that the DH is primarily involved in the cognitive process of learning and memory associated with navigation, exploration, and locomotion, whereas the ventral hippocampus is the part of the temporal lobe associated with motivational and emotional behavior. The nature of the intermediate zone suggests involvement in translating cognitive and spatial knowledge into motivation and action critical for survival (Bast, 2007; Bast et al., 2009) . Researchers should probably approach these three zones as separate structures. But the genetic information is likely to do far more than help classify these domains. It should open doors to many new tools that will provide keys that further unlock the function of these regions.
